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hu (P. Sipos).Complexation of D-gluconate (Gluc ) with Ca has been investigated via H, C and Ca NMR spectros-
copy in aqueous solutions in the presence of high concentration background electrolytes (1 M 6 I 6 4 M
(NaCl) ionic strength). From the ionic strength dependence of its formation constant, the stability con-
stant at 6 6 pH 6 11 and at I? 0 M has been derived (log K01;1 ¼ 1:8 0:1). The protonation constant
of Gluc at I = 1 M (NaCl) ionic strength was also determined and was found to be log Ka = 3.24 ± 0.01
(13C NMR) and log Ka = 3.23 ± 0.01 (1H NMR). It was found that 1H and 13C NMR chemical shifts upon
complexation (both with H+ and with Ca2+) do not vary in an unchanging way with the distance from
the Ca2+/H+ binding site. From 2D 1H–43Ca NMR spectra, simultaneous binding of Ca2+ to the alcoholic
OH on C2 and C3 was deduced. Molecular modelling results modulated this picture by revealing struc-
tures in which the Gluc behaves as a multidentate ligand. The five-membered chelated initial structure
was found to be thermodynamically more stable than that derived from a six-membered chelated initial
structure.
 2010 Elsevier Ltd. All rights reserved.1. Introduction surprisingly, even less is known about the structure of these solu-Polyhydroxy carboxylates are known to sequester calcium ions
in solution.1 Under hyperalkaline conditions high stability Ca2+
complexes may be formed (e.g., with isosaccharinate), where the
metal ion is claimed to be bound via the alcoholate group(s) of
the carbohydrate.2,3 However, at intermediate pH such deprotona-
tion does not take place, and the contribution of the alcoholic OH
to the coordination (if any) is expected to be relatively small.
Therefore, the stability of the calcium complexes formed is very
low, and the formation constant of the first stepwise complex,
K1,1, defined as
K1;1 ¼ ½CaL
þ
½Ca2þ½L ð1Þ
(where L denotes the polyhydroxy-carboxylate anion), is in the or-
der of 10–80 dm3 mol1.4 As a result of this low stability, the exper-
imental determination of the corresponding formation constants is
inherently difficult, and accurate stability data are scarce.5 Not at allll rights reserved.
: +36 62 420 505.
linkó), sipos@chem.u-szeged.tion complexes.1
These statements hold even for the calcium complex(es) of the
D-gluconate (Fig. 1, Gluc hereafter) ion. Gluc is perhaps the most
common polyhydroxy carboxylate with biological relevance and
wide-ranging pharmaceutical and industrial applications.6 From
the literature the CaGluc+ complex (or ion pair) is very weak.4,7–10
From H+/Pt electrode potentiometry log K1,1 = 1.21 was obtained
(20 C, I  0.20 M KCl)7, while from ion-exchange measurements
under similar conditions, log K1,1 = 1.22 was found (25 C,
I = 0.16 M KCl).8 Ca2+-ISE potentiometry yielded log K1,1 = 1.31
(25 C, I = 0.70 M KNO3)4 and 1.05 (25 C, I = 0.50 M NaCl).9 At rea-
sonably high [Gluc]T:[Ca2+]T ratios (where the lower index T de-
notes total or analytical concentrations) noticeable formation of
the CaðGlucÞ20 complex was also reported9 (hence the difference
between the formation constants published in Refs. 4 and 9). pH-
potentiometric titrations10 resulted in log K1,1 = 1.21 (25 C,
I = 1 M NaClO4). The latter value is somewhat higher than ex-
pected, possibly due to complications caused by lactonisation of
HGluc in acidic solutions11–13 (see also below). From these data,
and also on the basis of analogies with isosaccharinic acid, the for-
mation constant at I? 0 M has been estimated to be
log K01;1 ¼ 1:7.2,14,15
The metal-binding site in CaGluc+ (i.e., the structure of the com-
plex in solution) has not been clarified yet. It is plausible that the
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Figure 1. Structural formula of D-gluconate with a numbering scheme used in the
text.
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tion. However, on the basis of the formation constants, monoden-
tate carboxylate coordination is highly unlikely, as simple
monocarboxylates under similar conditions form much weaker
complexes with Ca2+ than does Gluc.16 Participation of alcoholic
OH groups of C2 (five-membered chelate ring), C3 (six-membered
chelate ring) or C6 (head-to-tail coordination or macro-chelate for-
mation) in the complexation of the calcium are both possible.
However, from the data published so far in the literature, none of
them have been experimentally proven.
In the present work we embarked on the detailed multinuclear
NMR (including 1H, 13C and 43Ca) characterisation of aqueous solu-
tions containing Ca2+ and Gluc in the pH range of 6–11. To con-
firm the structural information obtained, the spectroscopic
experiments were supplemented with quantum mechanical calcu-
lations. Our project aimed at (i) establishing whether multinuclear
NMR spectroscopy was suitable for producing equilibrium con-
stants of reasonable quality for the very weak complexes that form
in these systems; (ii) determining the formation constants of the
complex(es) formed in hypersaline solutions and to deduce the
log K01;1 value from data obtained for solutions with a broad range
of ionic strengths; (iii) checking if formation of further complexes
other than the CaGluc+, that is, the stepwise CaðGlucÞ20 or the binu-
clear Ca2Gluc3+ is detectable by the NMR techniques employed;
(iv) quantitatively characterising the effects of complexation on
the NMR chemical shifts of Ca2+ and Gluc and (iv) identifying
the binding sites of the metal ion in the complex(es).
2. Experimental
2.1. Reagents and solutions
Stock solutions of each compound were prepared using
anhydrous sodium gluconate (Sigma–Aldrich product, P99% pur-
ity), CaCl2 (Reanal product, puriss grade) and NaCl (Spectrum 3D
product, analytical reagent grade) dissolved in MilliQ Millipore
deionised water. Prior to solution preparation the CaCl2 was dried
at 200 C overnight to eliminate structural water and kept in a des-
iccator over P2O5. The H+ concentration was set with a standard-
ised HCl solution (E. Merck product, [HCl]T = 3.571 M). D2O (E.
Merck product, 99.95% purity) was finally added to each sample
making up the concentration to 20% v/v.
The analytical concentration of gluconate, [Gluc]T, in the test
solutions was usually 0.200 M. In the calcium-containing systems,
the concentration of CaCl2 was systematically raised from 0.0200
to 0.4000 M, and the ionic strength was set with NaCl in the ionic
strength range of 1.00–4.00 M. Such high ionic strength was neces-
sary, because the two interacting electrolytes (CaCl2 and NaGluc)
needed to be present in sufficiently high concentrations for the
NMR measurements. Experiments at I = 5.00 M (NaCl) failed due
to the decreased solubility of Ca(Gluc)2(s) at this high ionic
strength. For the protonation constant determinations, the ratioof [HCl]T:[Gluc]T was systematically raised from 0.00 to 1.00,
and the ionic strength was set to 1.0 M with NaCl.
2.2. NMR experiments
The NMR spectra of the solutions were recorded on a Bruker
Avance DRX 500 NMR spectrometer equipped with a 5-mm inverse
broadband probe-head furnished with z-oriented magnetic field
gradient capability. In the NMR measurements the magnetic field
was stabilised by locking it to the 2D signal of the solvent. The sam-
ple temperature was set to 25 ± 1 C during all data acquisitions.
For the individual samples 32–64 scans were taken to record 1H
NMR spectra and 256–512 scans (with the proton decoupler
turned on) to obtain the 13C spectra. Up to 64 k scans were taken
to record 43Ca NMR spectra. The 1H–43Ca correlations were de-
tected by 2D HMQC (heteronuclear multiple quantum coherence)
experiment (via heteronuclear zero and double quantum coher-
ence). For creation of the anti-phase magnetisation, the 1/(2JCaH)
delay was optimised, and a final 250 ms was used, which corre-
sponds to an 1H–43Ca coupling constant of 2 Hz. Spectra were ac-
quired with 128 increments in the indirect dimension and with
256 scans using a recycle delay of 2 s. No decoupling was applied
during acquisition.
The pH of the solutions (pHobserved) was determined with a pH-
sensitive glass electrode (Metrohm 6.0234.100) and an Orion 710A
pH meter, calibrated according to the procedure described in the
literature.17 In these solutions the 20% v/v D2O was replaced with
distilled water. To calculate the pH in the target solutions a 4:1
H2O–D2O mixture (pHmixture), the approximation used in the liter-
ature (pD = pH + 0.4018), was used assuming a linear variation of
the pH with deuterium replacement (i.e., pHmixture = pHobserved
+ 0.08).
The equilibrium constants and the limiting chemical shifts of
the species formed during protonation and Ca2+-complexation of
Gluc were calculated with the aid of the PSEQUAD suite.19 Data fit-
ting was performed by fixing the limiting chemical shifts of the
Gluc calculating hereby the stability/acidity constants and the
limiting chemical shifts of the CaGluc+ or HGluc, respectively.
2.3. Molecular modelling
Two structural varieties of the CaGluc+ complex cations (assum-
ing five- or six-membered rings containing the Ca2+ ion) were stud-
ied computationally by Hartree–Fock ab initio calculations
applying the 6-31 G* basis set included in the HYPERCHEM program
package.20 Full geometry optimisations were performed on the iso-
lated ions. Calculations were considered to be over when the gra-
dient norm reached 0.1.
For modelling the aqueous solution of the complexes, the calcu-
lations were performed with the PM3 semiempirical quantum
chemical method,21 also included in the HYPERCHEM package. The
geometries of the two structural variations of the complex ions
were optimised applying explicit water molecules. It means that
the geometries of a solvent cage consisting of 216 water molecules
and the complex cations were fully optimised until the gradient
norm became smaller than 0.1. Through applying explicit water
molecules the model system approaches reality to a great extent.
However, the size of the system increased considerably, and,
now, semiempirical calculations could only be used. The initial
geometries of the naked cations were taken from the ab initio
(HF 6-31 G* basis set) calculations previously performed on the
isolated cations. After optimisation applying explicit water mole-
cules the water molecules were removed, and a single point energy
calculation was performed on the ligands, and the values (reflect-
ing the stabilities of the complex cations) were compared and re-
lated to experimental findings.
Figure 2. 13C NMR spectra of solutions with [NaGluc]T = 0.200 M with peak assignments at the two limiting, 0.0 (a) and 1.4 (b) [Ca]T:[Gluc]T ratios.
Figure 3. 1H NMR spectrum of a solution with [NaGluc]T = 0.200 M with peak assignments.
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3.1. Effect of protonation and Ca2+ complexation on the 13C and
1H NMR spectra of Gluc
In the 13C NMR spectrum of a NaGluc solution at pH 6–11, six
well-defined peaks for the six carbon atoms of the Gluc could
be observed (Fig. 2). In the order of the increasing field, these peaks
were assigned to C1, C2, C4, C5, C3 and C6, respectively (Figs. 1 and
2). This assignment is in agreement with those previously pub-
lished12,13 and was confirmed on the basis of the 2D 1H–13C NMR
spectrum of a NaGluc solution (spectrum not shown). Sharp NMR
peaks can be observed during protonation or complexation of the
Gluc. The 13C NMR spectra of the two limiting [Ca]T:[Gluc]T ratios
(Fig. 2) indicate that the chemical exchange rate is much faster
than the NMR time scale.
In the 1H NMR spectrum of NaGluc (Fig. 3) the signals of the H2
and H3 protons are well resolved; however, those of H4–H6 are not
(this is mainly due to the double quartet of H6 around 3.60 and
3.75 ppm, respectively).
When the pH of a NaGluc solution (I = 1 M NaCl,
[Gluc]T = 0.200 M) was varied from 6.6 to 1.8 by adding HCl,
the 13C NMR chemical shifts of the ligand gradually moved upfield
(Table 1), while the 1H NMR resonances shifted downfield (see in-
set in Fig. 4).
Besides the six primary carbon peaks for the carbon atoms of
the Gluc, the development of additional peaks was seen in the
13C NMR spectrum upon the decrease of pH, due to the lactonisa-
tion of HGluc.12 Lactonisation was mainly observed under pH
3.8, and the intensities of the relevant peaks increased with time
and decrease in pH; however, the chemical shifts of these small ex-
tra peaks remained pH independent. On the other hand, the grad-
ual shift of the six sharp intense peaks of the (not lactonised) Gluc
with the pH (Fig. 4) made it possible to extract the dissociation
constant of HGluc from these data. The protonation constant,
Ka ¼ ½HGluc½Hþ½Gluc ð2Þ
calculated using the chemical shift variation of every carbon atom
was found to be log Ka = 3.24 ± 0.01. The difference between our
and the literature12 data (log Ka = 3.30 ± 0.02 at I = 0.1 M NaClO4)
is most likely due to the difference in ionic strengths and the possi-
ble differences in the calibration protocol for the glass electrode. OnTable 1
The log K1,1 formation constants of the CaGluc+ complex (with the calculated standard de
Ca2+ addition, at various I ionic strengths (NaCl) and pH. The limiting chemical shifts of th
chemical shifts of the carbon atoms of CaGluc+ and Gluc are calculated using Dd = dCaGlu
I
(M)
pH log K1,1a log K1,1b C1 C2
d
(ppm)
Dd
(ppm)
d
(ppm)
Dd
(ppm)
d
(ppm
1.00 6 0.99 (5) 0.99(4) 178.38 0.38 73.80 0.68 70.72
1.00 8 1.04(1) 1.06(4) 178.38 0.38 73.80 0.67 70.73
1.00 11 —c 1.02(5) 178.38 0.42 73.80 0.74 70.72
1.00 d 1.02(1) 1.03(1)
1.00 3.24(1)e 2.83f 1.84f
2.00 6 0.62(1) 0.75(6) 178.59 0.37 73.89 0.63 70.79
3.00 6 0.68(7) 0.79(1) 178.75 0.32 73.87 0.69 70.81
4.00 6 — 0.85(5)g 178.89 0.27 73.98 — 70.96
a Calculated by simultaneously fitting the chemical shift variations observed for all th
b Calculated by simultaneously fitting the chemical shift variations observed for C1 an
c Failure in optimisation.
d Fit for all three sets of data (pH 6, 8 and 11) together.
e The protonation constant of Gluc, log Ka as defined in Eq. 2.
f The differences between the limiting chemical shifts of the carbon atoms of HGluc a
g From the data relating to C1, only.the basis of the pH-dependent 1H NMR chemical shift variations of
the hydrogen atoms on C2 and C3 (H2A, H2B and H3 in Fig. 4),
respectively, the acidity constant was found to be log Ka = 3.23 ±
0.01, a result that is practically identical to that gained from 13C
NMR measurements.3.2. Determination of the formation constants of CaGluc+
The variation of the 1H NMR chemical shifts of Gluc upon Ca2+
addition was in the order of 0.03–0.06 ppm even for the (non-
exchangeable) protons closest to the carboxylate end. Because of
this and the complex and overlapping spectra of the non-exchang-
ing protons on C4, C5 and C6, the 1H NMR data proved to be unsuit-
able for determining formation constants for the complexes
between Ca2+ and Gluc.
In the 13C NMR spectra of Gluc, significant variations were
seen as a result of Ca2+ complexation (Table 1 and Fig. 5). To obtain
formation constants and complex compositions, two kinds of fit-
ting protocols were used: in one, only the variations C1 and C3
chemical shifts upon Ca2+ complexation were used, and in the sec-
ond, chemical shift changes for all six carbon atoms were used to-
gether (Table 1) The limiting chemical shifts for the Gluc ion were
held constant during optimisations. The fitting parameters (that is,
the agreement between the observed and calculated chemical
shifts) were found to be excellent for the first protocol and reason-
able for the second one, and the formation constants obtained for
both protocols are practically identical. (Note that in some cases
no convergence could be achieved by using the second protocol;
see Table 1.)
It is assumed that the formation of the CaGluc+ complex, only,
was sufficient to reasonably describe all the experimental data
points obtained with chemically meaningful log K1,1 values and
acceptable standard deviations. However, small but systematic dif-
ferences between the observed and calculated values were seen
(Fig. 5) at the highest [Gluc]T:[Ca2+]T ratios, that is, where the for-
mation of the CaðGlucÞ20 complex was the most favoured. (The
three sets of data at 1.0 M ionic strength but different pHs (6,
8 and 11) were also fitted together (Table 1) to increase the
confidence level for the results. Similar behaviour was observed,
which supports the formation of the CaðGlucÞ20 complex.) The ex-
tent of this deviation, however, was too small to make the extrac-
tion of log K1,2 possible from our 13C NMR data; nevertheless, the
existence of these effects indicate the possible formation ofviations in parentheses), calculated from the variation of the 13C NMR spectra upon
e various carbon atoms of the Gluc ion (d) and the differences between the limiting
c+  dGluc
C3 C4 C5 C6
)
Dd
(ppm)
d
(ppm)
Dd
(ppm)
d
(ppm)
Dd
(ppm)
d
(ppm)
Dd
(ppm)
0.62 72.30 0.35 70.99 0.20 62.40 0.18
0.58 72.31 0.30 71.01 0.18 62.41 0.16
0.62 72.30 0.30 70.99 0.19 62.40 0.15
0.42f 1.08f 0.20f 0.04f
0.79 72.36 0.67 71.08 0.31 62.49 0.27
0.67 72.40 0.75 71.15 0.27 62.56 0.24
— 72.45 — 71.23 — 62.64 —
e carbon atoms of Gluc upon Ca2+ addition.
d C3 of Gluc upon Ca2+ addition.
nd Gluc (Dd = dHGluc  dGluc).
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Figure 4. The observed (symbols) and calculated (solid lines) 13C NMR chemical shifts on each carbon atom of Gluc as a function of pH. For better visualisation the limiting
chemical shifts for the carbons of Gluc ion were set to 1.00 ppm. Inset: the same for 1H NMR chemical shifts (here, the limiting chemical shifts for the protons of the Gluc
were set to 1.00 ppm).
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Figure 5. The observed (symbols) and calculated (solid lines) chemical shifts on each carbon atom of Gluc as the function of pCa (i.e., log [Ca2+]) at 1.0 M ionic strength
assuming only a 1:1 complex in the system at pH 6. For better visualisation the limiting chemical shifts for the carbons of the Gluc ion were set to 1.00 ppm.
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nored elsewhere.4
As expected, the log K1,1 values obtained at various pH values at
6 < pH < 11 were practically identical (because the gluconate ion
was fully deprotonated and the formation of the first stepwise cal-
cium–hydroxo complex, Ca(OH)+, was negligible22 even at pH
11).
The log K1,1 versus I curve passes through a smooth minimum
(Fig. 6). By including data from other literature sources obtainedat ionic strengths <1 M, an extended Debye–Hückel treatment23
was used with
logK1;1 ¼ logK01;1  A
ffiffi
I
p
1þ
ffiffi
I
p þ BI ð3Þ
where the Debye–Hückel constant A = 2.046, and the empirical
parameter B was found to be 0.089. From this calculation,
log K01;1 ¼ 1:8 0:1 was obtained, with reasonable agreement with
other values from the literature.2,14,15
0.0
0.4
0.8
1.2
1.6
2.0
0.0 1.0 2.0 3.0 4.0 5.0
I / M
lo
g 
K 1
,1
0
Figure 6. The formation constant of the CaGluc+ complex as a function of the ionic strength (NaCl).s: present work;4: values from Refs. 4 and 10, which were not included in
the optimisation; d: values from Refs. 7–9. Solid line: calculated on the basis of the extended Debye–Hückel treatment (Eq. 3), with log K01;1 ¼ 1:8.
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limiting chemical shifts (d Ci) observed for Gluc and calculated for
CaGluc+ show systematic downfield variation with increasing ionic
strength. The extent and direction of this shift are similar to those
reported by Zhang et al.12 obtained for solutions of pH >12 and
with increasing pH. Zhang et al. argued that such variations were
due to deprotonation of the aliphatic alcohol of Gluc. However,Figure 7. 43Ca NMR spectra of an aqueous solution with [CaCl2]T = 0.200 M in the presen
NaGluc.on the basis of the present data, it seems that such variations in
the 13C NMR chemical shifts can be caused by interactions with
Na+ ions (i.e., breaking of the inner-molecular H-bonding of Gluc),
as suggested in Ref. 24.
The differences between the limiting chemical shifts of Gluc
and HGluc, that is,
Dd ¼ dHGluc  dGluc ð4Þce of [NaGluc]T = 0.200 M. Inset: the spectrum of the same solution without added
Scheme 1. Equilibrium in aqueous solution for five- and six-membered ring
structures of chelated calcium gluconate.
1862 A. Pallagi et al. / Carbohydrate Research 345 (2010) 1856–1864for the carbon atoms C1–C6 in Table 1, are all of the same sign (i.e.,
the displacement of the 13C NMR chemical shifts are directed to-
wards the lower frequency with decreasing pH). However, the Dd
values do not change monotonously with the distance from C1 of
the carboxylate group undergoing protonation. This is most likely
to be due to the differences in conformational changes caused by
protonation on C1, which are the most pronounced at C4.
The situation is more complex with regard to the Dd values of
Gluc and CaGluc+. The displacements are towards the higher fre-
quencies for C1 and C2 and towards the lower frequencies for C3–
C6. Dd is the largest for C2 at each ionic strength. The Dd on C3
upon Ca2+ binding is larger than that upon protonation. From these
subtle variations, which result from several coexisting and (some-
times) opposite effects, the structure of the CaGluc+ complex, that
is, the binding site of Ca2+ cannot be unambiguously deduced.
3.3. The structure of the CaGluc+ complex
The identification of the binding sites was experimentally ap-
proached via 2D 1H–43Ca NMR measurements. For this, first the
43Ca NMR spectra of solutions containing CaCl2 (0.200 M) and var-
ious amounts of NaGluc (0.100–0.400 M) were recorded. Because
of the low abundance of the 43Ca isotope (0.135 at %), acquisition
of each spectra took several days (64000 scans); therefore, these
experiments were restricted to a few selected samples. Upon addi-
tion of Gluc, the peak of the hydrated Ca2+ ion gradually moved
towards the lower frequencies and significantly broadened
(Fig. 7), that is, the full width at the half-height (FWHH) increased
from 1.2 to 13.1 Hz. On the basis of the 43Ca chemical shift varia-
tion, and taking into consideration the formation constants shown
in Table 1, the limiting chemical shift of Ca2+ in the CaGluc+ com-
plex can be approximated as 4.4 ppm (relative to the hydrated
Ca2+ ion).Figure 8. The 2D 1H–43Ca NMR spectrum of a soluThe 2D 1H–43Ca NMR spectrum of a solution containing
[CaCl2]T = [NaGluc]T = 0.200 M is shown in Figure 8. The 1H–43Ca
correlations were detected by 2D HMQC heteronuclear multiple
quantum coherence (HMQC)25 experiment (via heteronuclear zero
and double quantum coherence). For creation of the anti-phase
magnetisation, the 1/(2JCaH) delay was optimised and a final
250 ms was used, which corresponds to an 1H–43Ca coupling con-
stant of 2 Hz. Spectra were acquired with 128 increments in the
indirect dimension and with 256 scans and using a recycle delay
of 2 s. No decoupling was applied during acquisition. From this
spectrum it seems plausible that the Ca2+ ion interacts with the
OH on C2 and C3 simultaneously. Since the interaction with the
carboxylate oxygen (on C1) is plausible, two possible scenarios
may be suggested. In one, bonding isomerism takes place accord-
ing to Scheme 1. According to this model two isomers of the cal-
cium gluconate complex are formed in aqueous solution as a
five- and a six-membered chelated structure, and they are in equi-
librium. On the basis of qualitatively examining the 2D 1H–43Ca
NMR spectrum, the predominant structure is the five-membered
chelate structure of the two bonding isomers.tion containing [CaCl2]T = [NaGluc]T = 0.200 M.
Figure 9. Structures of the isolated CaGluc+ complex ion after full geometry
optimisation with ab initio quantum chemical calculations applying the 6-31 G*
basis set and using the five-membered chelated ring as the initial structure [(a) and
(b): tubes and overlapping spheres, respectively] or the simultaneous five- and six-
membered ring chelate ring as the initial structure [(c) and (d): tubes and
overlapping spheres, respectively]. The Ca–O bond distances are listed, for (c) and
(d) they are in parentheses).
Figure 10. Structures of the isolated CaGluc+ complex ion after full geometry
optimisation with ab initio quantum chemical calculations applying the 6-31 G*
basis set and using the six-membered chelated ring as the initial structure [(a) and
(b): tubes and overlapping spheres, respectively] The Ca–O bond distances are also
listed.
A. Pallagi et al. / Carbohydrate Research 345 (2010) 1856–1864 1863In the second scenario Gluc acts as a tridentate ligand binding
via the carboxylate and the aliphatic alcohols on both C2 and C3.
For clarifying the more likely scenario, all structure types were
modelled as isolated ions (HF 6-31 G* ab initio calculations) as well
as in aqueous solutions by applying explicit water molecules (PM3
semiempirical calculations). The ab initio calculations resulted in
structures displayed in Figures 9 and 10 together with all Ca–O dis-
tances applying the numbering scheme of Scheme 1.
Much to our surprise, no five-membered chelate ring could be
found (Fig. 9). Instead, the Ca2+ entered into bonding interactions
with O(C1), O(C2), O(C3) and O(C6) at the same time. This was
the optimum geometry whether calculations were started from a
five-membered chelate ring or from the structure where Gluc
was assumed to act as tridentate ligand. Actually, the Ca2+ ion com-
fortably nested itself among as many oxygens as possible.
When calculation was started from a six-membered ring, in the
optimum structure there were bonding interactions between the
Ca2+ ion and the O(C1), O(C3) and O(C6) at the same time
(Fig. 10). Chemical intuition, as well as the comparison of the
computed total energies (Etot5 = 900023.04 kcal/mol, Etot6 =
90004.39 kcal/mol), revealed that the previous arrangement
was more favourable thermodynamically than this one.
Modelling an aqueous solution modified, though not very sig-
nificantly, the situation (Fig. 11). In the complex ion starting from
the five-membered chelate, the Ca2+ was even better embedded in
the hug of oxygens than in the isolated form [there were bonding
interactions with O(C1), O(C2), O(C3), O(C5) and O(C6)], while in
the complex ion starting from the six-membered chelate there
were the same number of bonding interactions [with O(C1),
O(C3) and O(C5)] as in the isolated form. The difference in stabili-
ties (actually in the enthalpies of formation) is 130 kcal/mol in fa-
vour of the ion starting from the five-membered chelate. (Probably
this high value is an overestimation of the real-life stability
difference.)
To answer the originally posed question, we can say that
Scheme 1 is basically correct with the modification that, although
the actual structures are related to the five- or six-membered che-
late, in both bonding isomers, the gluconate acts as multidentate
ligand.4. Conclusions
Complexation of D-gluconate (Gluc) with Ca2+ has been inves-
tigated via 1H, 13C and 43Ca NMR spectroscopy in aqueous solutions
in the presence of a high concentration of background electrolytes
(1 M 6 I 6 4 M (NaCl) ionic strength). Assumption of a 1:1 com-
plex, only, was sufficient to describe all the experimental observa-
tions; however, at high [Gluc]T:[Ca2+] ratios, formation of small
amounts of the CaðGlucÞ20 solution species was also inferred. From
the ionic strength dependence of its formation constant, which was
determined from the chemical shift variation upon [Ca2+]T, the sta-
bility constant at I? 0 M has been derived (log K01;1 ¼ 1:8 0:1).
The formation constant was found to be pH independent at
6 6 pH 6 11. The chemical exchange between the CaGluc+ complex
and its constituents was found to be fast on the NMR time scale,
and the limiting chemical shifts for the CaGluc+ complex have been
calculated. It was found that the variation of the 1H and 13C NMR
chemical shifts upon complexation (both with H+ and with Ca2+)
does not vary in an unchanging way with the distance from the
Ca2+/H+-binding site. From these measurements the protonation
constant of Gluc at I = 1 M (NaCl) ionic strength was also deter-
mined and was found to be log Ka = 3.24 ± 0.01 (13C NMR) and log -
Ka = 3.23 ± 0.01 (1H NMR), which is in good agreement with
independent literature data. From 2D 1H–43Ca NMR spectra, the
binding of Ca2+ to the alcoholic OH on C2 and C3 can be deduced,
Figure 11. Structures of the CaGluc+ complex ions after full geometry optimisation in aqueous solution applying explicit water molecules with PM3 semiempirical quantum
chemical calculations using the ab initio structures related to (a) the five-membered or (b) the six-membered chelated ring as initial geometries. The Ca–O bond distances are
also listed.
1864 A. Pallagi et al. / Carbohydrate Research 345 (2010) 1856–1864from which has been suggested that a five- and a six-membered
chelated ring system coexists in the CaGluc+ complex. Molecular
modelling results (ab initio calculations on the isolated species
and semiempirical results on moieties in aqueous solution) modu-
lated this picture by revealing structures in which the Gluc be-
haves as multidentate ligand. Calculations, which coincide with
the experimental findings, indicate that the complex ion derived
from the five-membered chelate initial structure is thermodynam-
ically more stable than that derived from the six-membered che-
lated initial structure.
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